Mutations in voltage-gated ion channels are responsible for several types of epilepsy. Genetic epilepsies often exhibit variable severity in individuals with the same mutation, which may be due to variation in genetic modifiers. The Scn2a Q54 transgenic mouse model has a sodium channel mutation and exhibits epilepsy with strain-dependent severity. We previously mapped modifier loci that influence Scn2a Q54 phenotype severity and identified Kcnv2, encoding the voltage-gated potassium channel subunit Kv8.2, as a candidate modifier. In this study, we demonstrate a threefold increase in hippocampal Kcnv2 expression associated with more severe epilepsy. In vivo exacerbation of the phenotype by Kcnv2 transgenes supports its identification as an epilepsy modifier. The contribution of KCNV2 to human epilepsy susceptibility is supported by identification of two nonsynonymous variants in epilepsy patients that alter function of Kv2.1/Kv8.2 heterotetrameric potassium channels. Our results demonstrate that altered potassium subunit function influences epilepsy susceptibility and implicate Kcnv2 as an epilepsy gene.
Mutations in voltage-gated ion channels are responsible for several types of epilepsy. Genetic epilepsies often exhibit variable severity in individuals with the same mutation, which may be due to variation in genetic modifiers. The Scn2a Q54 transgenic mouse model has a sodium channel mutation and exhibits epilepsy with strain-dependent severity. We previously mapped modifier loci that influence Scn2a Q54 phenotype severity and identified Kcnv2, encoding the voltage-gated potassium channel subunit Kv8.2, as a candidate modifier. In this study, we demonstrate a threefold increase in hippocampal Kcnv2 expression associated with more severe epilepsy. In vivo exacerbation of the phenotype by Kcnv2 transgenes supports its identification as an epilepsy modifier. The contribution of KCNV2 to human epilepsy susceptibility is supported by identification of two nonsynonymous variants in epilepsy patients that alter function of Kv2.1/Kv8.2 heterotetrameric potassium channels. Our results demonstrate that altered potassium subunit function influences epilepsy susceptibility and implicate Kcnv2 as an epilepsy gene. E pilepsy is a common neurological disorder affecting approximately 1% of the population worldwide (1) (2) (3) . Over the last 15 y, a number of genes responsible for monogenic epilepsy have been identified. Most of the responsible genes are components of neuronal signaling, including voltage-gated ion channels (4) . Mutations in the voltage-gated sodium channel genes SCN1A and SCN2A are responsible for several types of human epilepsy, including genetic (generalized) epilepsy with febrile seizures plus (GEFS+), Dravet syndrome, and benign familial neonatalinfantile seizures (BFNIS) (5) . More than 700 SCN1A mutations have been reported to date, making this gene the most frequently identified cause of monogenic epilepsy. Approximately 20 SCN2A mutations have been reported in patients with BFNIS, GEFS+, and Dravet syndrome (5) . Variable expressivity is a common feature of monogenic epilepsy caused by ion channel mutations, suggesting that genetic modifiers may influence clinical severity (6) . Scn2a Q54 transgenic mice are a model of sodium channeldependent epilepsy. These mice express a gain-of-function mutation in Scn2a that results in progressive epilepsy that begins with brief, spontaneous partial motor seizures (7) . As they age, Scn2a Q54 mice exhibit more frequent partial seizures, as well as secondarily generalized seizures, and have a reduced lifespan. Excitatory hippocampal pyramidal neurons from Scn2a Q54 mice display elevated persistent current that is predicted to increase neuronal excitability and contribute to seizure generation (7) . Severity of the epilepsy phenotype in Scn2a Q54 is highly dependent on genetic background. The phenotype is less severe on the resistant strain C57BL/6J (B6), with delayed seizure onset and improved survival, compared with the susceptible strain SJL/J (SJL) (8) . We previously mapped two modifier loci that influence the difference in severity between these two strains: Moe1 (Modifier of Epilepsy 1) on chromosome 11 and Moe2 on chromosome 19 (8) . Previous linkage analysis identified Kcnv2 as a strong candidate for the Moe2 locus (9) . Kcnv2 encodes the voltage-gated potassium channel Kv8.2, which is a silent subunit as a homotetramer. Kv8.2 can form functional heterotetramers with Kv2 subunits and influence membrane translocation and channel properties (10, 11) . Members of the Kv2 family are expressed in the nervous system and underlie the neuronal delayed rectifier K + current, which is important for limiting membrane excitability, particularly under conditions of repetitive stimulation (12) . In the hippocampus, which is a region of particular importance for seizure generation, Kv2.1 is the major contributor to the delayed rectifier potassium current (13) and colocalizes with Kv8.2 in hippocampal pyramidal neurons (14) .
To test the contribution of strain-dependent variation in Kcnv2 to epilepsy susceptibility, we characterized the functional effects of previously identified nonsynonymous coding variants and compared transcript levels between strains. We also evaluated the in vivo effect of Kcnv2 variants in transgenic mice. To determine whether the human ortholog contributes to human epilepsy, we screened epilepsy patients for genetic variation in KCNV2. Our studies demonstrate Kcnv2 transgene-mediated transfer of seizure susceptibility in mice, as well as human variants that alter delayed rectifier K + currents. These results implicate KCNV2 as an epilepsy gene in mice and humans.
Results
Functional Analysis of Kcnv2 Variants in the Mouse. We previously identified two nonsynonymous coding variants in Kcnv2 that differ between the resistant B6 and susceptible SJL strains and hypothesized that functional effects of these variants may explain the differences in seizure susceptibility. Strain SJL carries the Kv8.2 amino acid substitutions R205H and Q252R (9) . We compared the functional effects of the B6 and SJL isoforms of Kv8.2 on potassium currents by coexpression with mouse Kv2.1 in a heterologous expression system. Channel cDNAs were cotransfected into CHO cells, and whole-cell currents were measured in the whole-cell configuration of the patch clamp technique (15) . Expression of mouse Kv2.1 (mKv2.1) alone produced large voltage-dependent potassium currents, and coexpression with the B6 or SJL isoforms of Kv8.2 (B6-Kv8.2, SJL-Kv8.2) resulted in significant suppression of K + current density (mKv2.1 alone, 326.1 ± 30.8 pA/pF, n = 8; mKv2.1 + B6-Kv8.2, 84.5 ± 5.3 pA/pF, n = 7, P < 0.001; mKv2.1 + SJLKv8.2, 157.1 ± 29.1 pA/pF, n = 7, P < 0.005) (Fig. 1) . Coexpression of mKv2.1 with B6-Kv8.2 produced significantly greater suppression than SJL-Kv8.2 for voltage steps between 0 mV and +60 mV (Fig.  1) . Further, B6-Kv8.2, but not SJL-Kv8.2, had a significant effect on the kinetics of activation that was limited to a single test potential (0 mV) without a corresponding change in voltage depen- This article is a PNAS Direct Submission. 1 B.S.J., C.M.C., and A.R.M. contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: jennifer.kearney@vanderbilt.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1017539108/-/DCSupplemental. dence (Fig. S1 ). Neither Kv8.2 isoform differed in the magnitude of cumulative inactivation evoked by moderate-frequency pulse trains (Fig. S2 ), but SJL-Kv8.2 did evoke a greater time-dependent decay in whole-cell current (Fig. 1C) . However, given their colocalization in excitatory neurons, the differences in biophysical properties of Kv2.1/B6-Kv8.2 and Kv2.1/SJL-Kv8.2 heterotetrameric channels do not provide a clear and compelling explanation for strain differences in epilepsy severity in Scn2a Q54 mice.
Relative Expression of Kcnv2 in Hippocampus. Whole-brain expression of Kcnv2 does not differ between strains B6 and SJL (9) . We further investigated strain-dependent expression in the hippocampus for three reasons: first, previous EEG studies showed that seizures in Scn2a Q54 likely originate in the hippocampus (7); second, Kcnv2 transcripts are enriched in the hippocampus (14) ; and, third, the biophysical differences described above were counterintuitive and suggested more complex physiology. RNA was isolated from dissected hippocampi of 8-wk-old B6 and SJL mice for quantitative RT-PCR (qRT-PCR) analysis. Relative Kcnv2 expression was assessed by the 2 -ΔΔCt method normalizing to TATA binding protein using the same assay previously used for whole-brain analysis (16) . Strain SJL exhibited threefold greater expression of hippocampal Kcnv2 transcript relative to B6 (Fig. 2) . The finding indicates that higher Kcnv2 expression in hippocampus correlates with greater epilepsy severity.
Transgenic Transfer of the Modified Phenotype. We evaluated the in vivo modifier effects of Kcnv2 using a transgenic transfer approach, based on the prior observation that the modifier effect is a dominant trait (8) . We constructed transgenes containing the B6 or SJL Kcnv2 coding sequence under the control of the neuron-specific enolase (NSE) promoter. This promoter drives panneuronal expression in transgenic mice and is the same promoter that drives expression of the Scn2a Q54 transgene (7, 17) . To determine the contribution of the Kcnv2 amino acid variants, we generated transgenic lines expressing the SJL-derived Kcnv2 transgenes (Kcnv2-S1, Kcnv2-S2). To determine whether higher expression alone is sufficient for the severe phenotype, we generated lines carrying the B6-derived Kcnv2 transgenes (Kcnv2-B1, Kcnv2-B2).
Transgenes were microinjected into B6 oocytes and maintained on the B6 background, ensuring a pure genetic background for experiments. The transgenic lines expressed varying amounts of Kcnv2 transgene transcript as determined by qRT-PCR (Fig. 3A) . Kv8.2 protein levels exhibited a similar trend in the transgenic lines, as determined by immunoblotting (Fig. S3 ). Kcnv2 transgenic hemizygotes were crossed with B6.Q54 mice to generate double-transgenic Kcnv2;Q54 offspring and single-transgenic littermate controls that were phenotyped for spontaneous seizure onset and survival. For all Kcnv2 transgenic lines, single-transgenic mice displayed no spontaneous seizures and had a normallifespan.
Lines Kcnv2-S2 and Kcnv2-B2, with the highest levels of transgene expression, generated an increased number of Kcnv2; Q54 double-transgenic mice with seizures by 6 wk of age ( Fig. 3 A and B). Double-transgenic mice with either the Kcnv2-S2 or Kcnv2-B2 transgenes also exhibited accelerated mortality, with 50% mortality by 10 wk and 14 wk of age, respectively, compared with B6.Q54 single-transgenic mice with 50% survival at 20 wk of age (Fig. 3C ). Lines Kcnv2-S1 and Kcnv2-B1, with lower levels of transgene expression, did not influence the Scn2a Q54 phenotype (Fig. 3) . The level of Kcnv2 transgene expression was strongly correlated with seizure phenotype (R 2 = 0.85) and 24-wk survival (R 2 = 0.79), whereas amino acid sequence was not correlated with seizure phenotype (R 2 = 0.008) or survival (R 2 = 0.04). Although the precise contribution of the amino acid variants in vivo is unclear, elevated expression of Kcnv2 seems to be sufficient to exacerbate the Scn2a Q54 epilepsy phenotype.
Human KCNV2 Screening. To determine whether KCNV2 contributes to human epilepsy, we screened 209 pediatric epilepsy subjects for variants in KCNV2 by exon amplification, conformationsensitive gel electrophoresis (CSGE), and sequencing (18) . A number of known polymorphic coding SNPs were present in the patients, including seven synonymous SNPs and a common nonsynonymous SNP with a population minor allele frequency of 0.12 (Table S1 ). Additionally, we identified two unique nonsynonymous coding variants: R7K and M285R. These variants were not detected in 368 neurologically normal control chromosomes [National Institute of Neurological Disorders and Stroke (NINDS) Neurologically Normal Control Panels NDPT079, NDPT093]. Additionally, these variants are not present in dbSNP, nor have they been reported in resequencing projects, including the 1000 Genomes Project (http://browser.1000genomes.org/index. html) and the Baylor Ion Channel Sequencing Project (http://www. hgsc.bcm.tmc.edu/ionchannel-snpList.xsp). The KCNV2-R7K variant was identified in a patient with febrile and afebrile partial seizures starting at age 2 y (Table S2 , patient 1). The variant was inherited from his unaffected mother. However, there is a positive family history of two paternal uncles with childhood epilepsy. R7K substitutes lysine for an evolutionarily conserved arginine in the cytoplasmic amino terminus of the Kv8.2 channel (Fig. S4A) .
The KCNV2-M285R variant was identified in a patient with an epileptic encephalopathy with severely refractory epilepsy (Table  S2 , patient 2). There is no family history of epilepsy, and the variant was inherited from his unaffected mother. Methionine 285 is located at the extracellular face of transmembrane segment 1 and is evolutionarily invariant in homologous channels from other mammals, birds, and fish. (Fig. S4B) .
Both patients were also screened for variants in the voltagegated sodium channel genes SCN1A and SCN2A. No pathogenic variants were identified (Table S3 ).
Functional Properties of Human KCNV2 Variants. We determined the functional consequences of the R7K and M285R variants engineered in human Kv8.2 by coexpressing with human Kv2.1 in CHO cells. Coexpression of Kv2.1 with either R7K or M285R Kv8.2 variants resulted in significantly greater suppression of Kv2.1-mediated current compared with wild-type Kv8.2 for voltage steps from 0 mV to +60 mV (Fig. 4 A and B) . Furthermore, M285R, but not R7K, exhibited a significant depolarizing shift in the voltage dependence of steady-state activation and significantly greater time constants of activation (τ) measured between 0 and +30 mV (Fig. 4 C and D) . Neither variant differed from wild-type in the magnitude of cumulative inactivation evoked by moderate-frequency pulse trains (Fig. S2) . Thus, both variants cause enhanced Kv2.1 suppression consistent with reduced neuronal delayed rectifier current. Furthermore, these effects are compounded by the slower kinetics and more depolarized voltage dependence of activation evoked by M285R.
Discussion
In the present study we demonstrate important effects of Kcnv2 variants on seizure susceptibility in humans and mice. In transgenic mice, increased expression of Kcnv2 was sufficient to exacerbate the seizure phenotype in Scn2a Q54 mice. In human epilepsy patients, we identified two unique nonsynonymous variants that exerted increased suppression of delayed rectifier potassium currents. Although both human KCNV2 variants were inherited from an unaffected parent, they may act as susceptibility modifiers in the affected patients, as do the Kcnv2 variants in the Scn2a Q54 mouse model. Taken together, these results implicate Kcnv2 as an important genetic factor in epilepsy.
Kcnv2 encodes the voltage-gated potassium channel subunit Kv8.2, which is a silent subunit when expressed as a homotetramer. However, when coassembled as a heterotetramer with Kv2 family members, Kv8.2 influences membrane translocation and biophysical properties of these channels (10, 11). Kv2 channels are major contributors to delayed rectifier K + current in hippocampal pyramidal neurons and act to dampen excitability during highfrequency stimulation (13, 19, 20) . Inclusion of Kv8.2 in heteromeric channels results in suppression of Kv2-mediated delayed rectifier potassium currents, which could impair membrane repolarization and thus predispose neurons to increased excitability.
Direct interaction between Kv8.2 and Kv2.1 channels has been demonstrated by coimmunoprecipitation in HEK293 cells (11) . The Kv8.2 and Kv2.1 subunits also show significant regional overlap in their central nervous system expression patterns. Within the hippocampus, transcripts for both Kcnv2 and Kcnb1, which encodes Kv2.1, are detected in the principal excitatory neurons of the pyramidal cell layers and the dentate gyrus (14, 
21-24)
. Similarly, both Kcnv2 and Kcnb1 are expressed in the cortex, with high levels of transcript in Layers 2/3 and 5 (14, (21) (22) (23) (24) . This regional colocalization is consistent with an effect of Kv8.2 variants on Kv2.1 channels within cells of critical importance for seizure generation and propagation.
We had initially hypothesized that the amino acid differences between the resistant B6 and susceptible SJL strains were responsible for the divergent phenotypes (9) . Functional characterization of the Kv8.2 amino acid differences in a heterologous expression system demonstrated that the B6 isoform was more effective at suppressing Kv2.1-mediated currents. Because these channels are localized in excitatory neurons and the B6 strain is more resistant, this result was counterintuitive and suggested that the in vivo physiology is more complex. Therefore, we sought to test the relative contribution of expression and amino acids differences in vivo. Relative expression of Kcnv2 in hippocampus was threefold greater in the susceptible SJL strain compared with B6. The Kcnv2 gene is located in a divergent haplotype block between B6 and SJL, with a high degree of noncoding sequence variation (four SNPs/kb) that may influence Kcnv2 transcript levels by altering the rate of transcription or mRNA stability (9) . Increased transgenic expression in vivo increased the severity of the seizure phenotype in Scn2a Q54 mice, regardless of the amino acid sequence of the Kcnv2 transgene. This observation supports the view that higher expression of Kcnv2 in strain SJL is sufficient for increased phenotype severity. Increased expression of Kcnv2 would be predicted to decrease Kv2.1-mediated delayed rectifier potassium current, which could promote increased excitability under conditions of repetitive stimulation. In support of this mechanism, others have demonstrated that antisense knockdown of Kv2.1 in hippocampal slices resulted in increased CA1 pyramidal neuron excitability under conditions of high-frequency stimulation (19) . Thus, increased expression of Kcnv2 alone could contribute to seizure susceptibility.
In further support of the importance of KCNV2 in seizure pathogenesis, we identified unique nonsynonymous variants in two unrelated children with epilepsy. Functional characterization of these KCNV2 variants, R7K and M285R, demonstrated that these variants also enhance Kv8.2-mediated suppression of Kv2.1 currents. These mutations would be predicted to decrease delayed rectifier potassium current in neurons, resulting in increased excitability under conditions of repetitive stimulation. . Time constants were determined from monoexponential fits to the data. Currents recorded at voltages <0 mV were too small to determine time constants. Inset: Averaged current traces (black, hKv8.2-WT; blue, hKv8.2-R7K; red, hKv8.2-M285R) recorded from 10 to 500 ms after a test pulse to 0 mV and normalized to current amplitude measured at 500 ms. (D) Voltage dependence of steady-state activation. Tail-current amplitudes were measured at −30 mV after a 2,000-ms activating pulse from −60 to +60 mV. Currents were normalized to peak amplitude and fit with Boltzmann functions. Values for activation V 1/2 were as follows: wild-type Kv8.2, 0.9 ± 1.2 mV; Kv8.2-R7K, 2.0 ± 1.6 mV (not significantly different from wild-type); and Kv8.2-M285R, 9.1 ± 1.1 mV (P < 0.01 compared with wild-type Kv8.2).
The net effects would be similar to the effects of elevated expression of KCNV2. Consistent with the more severe clinical phenotype of patient 2, M285R exhibited additional kinetic defects, including a +10-mV shift in the voltage dependence of activation and slower activation kinetics. These defects are predicted to delay channel opening, which would likely further impair membrane repolarization and increase excitability. These results implicate enhanced Kv8.2 activity as a plausible genetically encoded factor in epilepsy susceptibility. Loss-of-function mutations in KCNV2 identified in autosomal recessive retinal cone dystrophy 3 (25-28) also implicate this channel as an important modulator of neuronal firing patterns.
Clinical severity in the two patients with KCNV2 variants differs, ranging from relatively benign febrile and afebrile seizures in patient 1 (R7K) to severe epileptic encephalopathy in patient 2 (M285R). However, it is not uncommon for missense mutations in the same gene to result in different epilepsy types of varying severity. For example, missense mutations in SCN1A and SCN2A have been reported in patients with the benign epilepsy syndrome GEFS+, as well as in patients with the severe epileptic encephalopathy Dravet syndrome (5, 6) . Several factors may underlie the wide spectrum of phenotypes, including the location and nature of the amino acid substitution, divergent effects of the mutation on protein function, the genetic background of the individual, and environmental effects. Nonconservative substitution of arginine for methionine at the extracellular face of transmembrane segment 1 results in more profound biophysical defects than the conservative R7K substitution in the amino terminus. This difference in dysfunction is consistent with the difference in clinical severity. Additional resistance and susceptibility alleles at other loci are likely to contribute to the overall clinical phenotype. Although we found no evidence for interaction with mutant sodium channels in these patients, it is conceivable that the KCNV2 variants interact with other loci to influence epilepsy susceptibility. Patient 1 (R7K) has a positive family history of two paternal uncles with childhood epilepsy. Although the R7K variant was inherited from his unaffected mother, it is possible that there was paternal inheritance of additional genetic resistance or susceptibility factors.
Kcnv2 belongs to a group of potassium channel modulatory subunits that are electrically silent and cannot form functional homotetramers. These silent subunits form heterotetramers and modulate the properties of Kv2 and Kv3 channels, increasing the functional diversity of the channel subfamilies. This is particularly relevant for the Kv2 subfamily with only two members, Kv2.1 and Kv2.2. Targeting of modulatory subunits may offer a new therapeutic approach for fine-tuning neuronal excitability.
The interplay between ion channels contributes to overall neuronal excitability. Previous results from our laboratory and others have demonstrated genetic interactions between voltagegated sodium, potassium, and calcium channels in mouse models of epilepsy (29) (30) (31) . The present study implicates a unique potassium channel subtype in epilepsy and suggests that variants in ion channels may act to modify the clinical phenotype in human epilepsy. This may have implications for molecular diagnostic testing and suggests that expanded ion channel screening may improve the utility of molecular testing for clinical risk assessment and disease management in epilepsy.
In summary, our results implicate KCNV2 as a genetic modifier of epilepsy, and demonstrate that isolation of genetic modifiers in mice can lead to the identification of human epilepsy genes. Discovery of genes that influence susceptibility and disease progression will provide insight into the molecular events of epileptogenesis, improve molecular diagnostic utility, and identify novel therapeutic targets for improved treatment of human epilepsy.
Materials and Methods
Transgene Constructs. The Kcnv2 open reading frame was amplified by RT-PCR from mouse brain RNA and cloned into an NSE transgene expression construct as previously described (7) . The transgene contains the 4-kb promoter fragment from the rat NSE gene that includes 2.8 kb of flanking sequence, exon 1, intron 1, and 6 bp of noncoding sequence from exon 2, and the SV40 late polyadenylation sequence (17) . Constructs were confirmed by sequencing before transgene microinjection. Genotyping. Genotyping of Scn2a Q54 mice was performed as previously described (8) . Kcnv2 transgenics were identified by PCR genotyping of genomic DNA using primers located in intron 1 of NSE and in the Kcnv2 cDNA. These primers amplify a 935-bp band from the Kcnv2 cDNA transgene.
Phenotyping. Mice were tail biopsied on postnatal day 14 and genotyped. We used the same phenotyping paradigm that was used for mapping of the Moe2 locus (8, 9) . Briefly, Scn2a
Q54
;Kcnv2 double-transgenic mice and singletransgenic littermates were observed for visible seizures during 30-min observation periods at 3, 4.5, and 6 wk of age. Mice were transferred to a clean observation cage [7. 75 in (width) × 12 in (depth) × 6.5 in (height)] just before the observation session. All observations occurred between 1300 hours and 1600 hours. Videotaped observation sessions were analyzed offline by a blinded observer using Observer XT behavioral coding software (Noldus). Assessment of visible partial motor seizures was based on prior extensive video-EEG monitoring that demonstrated coincident stereotyped behavioral and EEG abnormalities (7). Animals exhibiting one or more seizures during the observations were classified as having seizures (average frequency, three per 30 min). The proportion of mice with a seizure frequency of one or more per 30 min by 6 wk of age was compared between genotypes using Fisher's exact test (n ≥ 14 per group).
Qualitative RT-PCR. For comparing relative Kcnv2 levels in strains B6 and SJL, hippocampi were dissected from 8-wk-old C57BL/6J and SJL/J mice (n = 7 per strain). For assessment of Kcnv2 transcript levels in transgenic mice, wholebrain RNA was isolated from 10-to 12-wk-old Kcnv2 transgenic mice and nontransgenic littermates (n = 5 per line). RNA was isolated using the RNeasy kit (Qiagen). Real-time RT-PCR was performed as previously described (9) . Briefly, real-time PCR was performed in triplicate using QuantiTect SYBR Green PCR mix (Qiagen) on an ABI 7900HT system. All reported assays exhibited a single peak in dissociation analysis and no detectable signal in no-RT controls. Relative transcript levels were assessed using the 2 −ΔΔCT method (16) with TATA binding protein as a reference gene (Qiagen QuantiTect Assay QT00198443). Statistical comparison between groups was made by the pairwise fixed reallocation randomization test (32) .
Plasmids and Cell Transfection. A full-length mouse Kv8.2 cDNA was generated by RT-PCR of mouse brain RNA and cloning into the pIRES2-smGFP mammalian expression vector, which contains the CMV promoter, an IRES-2 element, and soluble modified GFP (DF/HCC DNA Resource Core, EvNO00025960). A fulllength mouse Kv2.1 cDNA clone was obtained from Open Biosystems (clone ID 5363843) and cloned into a modified pIRES2-DsRed vector (BD BiosciencesClontech), in which we substituted the fluorescent protein cDNA with that of DsRed-MST (provided by Dr. Andras Nagy, University of Toronto, Toronto, Canada). A full-length human Kv8.2 cDNA clone was obtained from Open Biosystems (clone ID 40025518) and cloned into the pIRES2-smGFP vector. Mutations were introduced into Kv8.2 using the QuikChange Site-Directed Mutagenesis system (Agilent Technologies). Human Kv2.1 was amplified by RT-PCR from human brain total RNA (Clontech) and cloned into pIRES2-DsRed-MST. All clones were sequenced in their entirety to confirm their identity before transfection.
Expression of Kv8.2 and Kv2.1 constructs in CHO cells was achieved by transient plasmid transfection using FUGENE-6 (Roche) in which 1 μg of total cDNA was transfected with a mass ratio of 1:1. To study the pore-forming Kv2.1 subunit in the absence of Kv8.2, cells were transfected with pIRES2-DsRed-MST-Kv2.1 in combination with nonrecombinant pIRES2-smGFP vector. After transfection, cells were incubated for 48 h before use in electrophysiological experiments.
Electrophysiology. Whole cell patch clamp recordings were performed as previously described (33) , except the pipette solution was modified to contain lower K + concentration to improve voltage-control (modified pipette solution, in mM: K + aspartate 55, N-methyl-D-glucamine 55, aspartic acid 55, CaCl 2 1, Hepes 10, EGTA 11, MgCl 2 1, and K 2 ATP 5, pH 7.3). Whole-cell currents were measured from −80 to +60 mV (in 10-mV steps) from a holding potential of −80 mV. Data were collected for each experimental condition from at least three transient transfections and analyzed and plotted using a combination of Clampfit (Molecular Devices) and SigmaPlot 2000 (Systat Software). Statistical analyses were carried out using SigmaStat 2.03 (Systat Software), and P values are provided in the figures or listed in the figure legends. Statistical significance among two groups was determined using unpaired Student t test, and one-way ANOVA followed by Tukey post test was performed when comparing more than two groups. Whole-cell currents were normalized for membrane capacitance, and results are expressed as mean ± SEM. The number of cells used for each experimental condition is given in the figure legends.
Human KCNV2 Mutation Screening. Research was approved by the local institutional review boards. Consent and DNA samples were obtained from study subjects. The two coding exons of KCNV2 were amplified from genomic DNA, and variants were identified by CSGE and sequencing using previously described methods (18) . SCN1A and SCN2A were screened by PCR amplification and sequencing of the 26 coding exons. NINDS neurologically normal control panels NDPT079 and NDPT093 (Coriell Cell Repository) were screened for the R7K and M285 variants using custom Taqman assays on an ABI 7900HT system (Applied Biosystems).
Statistical Analysis. Values are expressed as mean ± SEM. Comparisons of mean differences between groups were made by unpaired two-tailed Student t test or one-way ANOVA unless otherwise stated. Comparisons of proportions were made by Fisher's exact test. For qRT-PCR results, comparisons between groups were made by the pairwise fixed reallocation randomization test (32) . P < 0.05 was considered statistically significant.
